Projected global demand for small grain cereals emphasizes the need for sustainable intensi cation with higher crop yields. Field studies on so red winter wheat (Triticum aestivum L.) examined interactions among three fertilizer N rates, eight fungicide application strategies, and various cultivars grown in nine eld environments in Ontario, Canada. A synergistic response occurred when a high rate of N was applied with a fungicide strategy that controlled disease. Overall, compared to a typical N rate of 100 kg ha -1 and no fungicide, yields increased by an average of 1.45 Mg ha -1 when N was applied at 170 kg ha -1 with the most intensive fungicide treatment pooled across sites. is yield response varied from 0.80 to 2.11 Mg ha -1 depending on eld site and pooled across cultivars. Fungicide strategies that included a T2 ( ag leaf timing) or T3 (anthesis timing) produced the highest yields across environments, especially at the high N rate and in most cultivars. e crop response to fungicide depended on the susceptibility of the cultivar to foliar disease and whether the eld environment was favorable for disease development. High N rates increased spike numbers and kernels spike -1 , whereas fungicides mainly increased kernel weight and kernels spike -1 . Prior to an economic analysis, results from this study indicates clear potential for increasing wheat performance by intensifying management with increasing N and deploying fungicide application strategies, especially in some cultivars and in high yielding environments that may be favorable for disease development.
While global demand for wheat is increasing faster than genetic gains in yield potential (Reynolds et al., 1999) , the crop also needs to be economically competitive for cash crop producers as a rotational crop mainly with corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] . Economics of wheat production are enhanced through increased corn and soybean yields in rotation (Janovicek et al. 1997) , improvement in soil quality (Yang and Kay, 2001) , the opportunity to underseed red clover for soil and N benefi ts (Raimbault and Vyn, 1991) , reduced pest populations in corn and soybean (Bullock, 1992) , production of straw as a commodity, and other benefi ts. In spite of these benefi ts however, there is concern that wheat is losing its competitiveness as a commodity relative to corn and soybean. McGee (2012) reported from Ontario, Canada, that average wheat yields increased at a rate of 0.066 Mg ha -1 yr -1 from 1980 to 2010, compared to 0.120 Mg ha -1 yr -1 during the same period for corn. Th e loss of wheat in the rotation would result in shorter rotations (i.e., corn-soybean). A higher rate of yield increase in corn may be attributed to advancing agronomic practices and to greater investments into the development of elite germplasm. Between 2008 and 2010 for example, a total of nine new cultivars of spring and winter wheat were registered in the province of Ontario (OCCC, 2010) , compared to 35 new corn hybrids that were introduced in 2010 alone (OCC, 2010) . Clearly, the future of a corn-soybean-wheat rotation in Ontario and neighboring states depends on whether yield increases in wheat can keep pace with corn and soybean.
Th e rate of yield improvement in wheat may improve with the identifi cation of factors limiting crop yields. It has been argued for soybean, but the same may apply for wheat, that current recommendations may not be comprehensive enough to achieve maximum economic yields, especially since many current recommendations are based on research studies with relatively narrow objectives that focus on simple eff ects or one or two factors at a time. Crops do not respond to one factor independent of other factors, but rather to a system of biotic and abiotic factors (Specht et al., 1999) ; therefore, more experiments need to be designed to investigate a systems approach of factors, rather than just one or two factors at a time.
Nitrogen rates that are currently recommended to growers in Ontario are based on research performed over 30 yr ago between 1970 and 1980 (Ontario Ministry of Agriculture and Food, unpublished data, 2012 . Th is research was performed across diff erent cropping systems, with the assumption that the response to N was independent of other agronomic factors (e.g., cultivar) or biotic or abiotic factors. Nevertheless, the most economic rate of N is difficult to predict if other factors are limiting yield potential (Spiertz and DeVos, 1983) or in the presence of other nutrient deficiencies (Koch and Mengel, 1977) .
Traditional recommendations need to be tested as production practices change with new technology or different environments. Genetic improvement of crop cultivars is one example. Modern wheat cultivars may respond to fertilizer N more than others that were first distributed a decade ago. In the UK for example, Foulkes et al. (1998) compared old and new wheat cultivars and showed that optimal N rates increased by 2.8 kg N ha -1 yr -1 with a 0.096 Mg ha -1 yr -1 increase in grain yield. It was then argued that traditional N recommendations may become lower than optimal as wheat yield potential increases over time. Another study by Foulkes et al. (2009) reports one example underlining the importance of investigating crop response to inputs with changes in crop productivity.
It is well known that excessive fertilizer N application may impact the environment and decrease profitability, but it may also increase the probability that the crop lodges before harvest. Lodging has been reported to decrease the yield of winter wheat by 23% (Pumphrey and Rubenthaler, 1983) , reduce the test weight and milling scores (Pinthus, 1973) , increase harvest losses, reduce harvest efficiency, and increase both mycotoxins in the grain (Nakajima et al., 2008) and foliar diseases (Roth et al., 1984; Mascagni et al., 1997; Olesen et al., 2003b) , mainly because of humid microclimates created by dense canopies close to the soil surface (Tompkins et al., 1992) . Clearly, the potential for lodging needs to be considered when fine-tuning N rates for wheat.
The application of one or more fungicides has been shown to increase yields primarily through the control of diseases. In Ontario, for example, fungicide applied to winter wheat before Growth Stage 30 (Zadoks et al., 1974 ) (GS30) resulted in a 2% increase in yield, while fungicides at GS39 resulted in a 5 to 6% increase in yield (Dr. D.C. Hooker, University of Guelph, Guelph, Ontario, Canada, unpublished data, 2007) . Blandino et al. (2006) found that application of triazole fungicides at GS65 decreased the mycotoxin deoxynivalenol (DON) in the grain by 30% and increased yields by 17.7%. In a meta-analysis of 12 yr of data, Paul et al. (2010) reported the top three fungicides applied at heading resulted in a 13.8 to 15.0% increase in yield, and a 2.5 to 2.8% increase in test weight. In many cases, however, economic benefits of fungicide applications are not certain at the time of application, because disease predictions and fungicide responses interact with future weather, environments, cropping systems, and crop cultivars. Moreover, sometimes the impact of disease control on crop yields is unknown (Cook and King, 1984; Wiik and Rosenqvist, 2010; Weisz et al., 2011) .
In general, the impact of fungicide application on wheat yield is dependent on the presence of the disease, the environment, and the susceptibility of cultivar to disease (Sutton and Roke, 1986) . Winter wheat yield response to fungicide application may be dependent on cultivar. For example, Mascagni et al. (1997) found that yield increased by 8.5% when leaf rust (Puccinia triticina) was controlled on a susceptible cultivar after the application of fungicides, while fungicides increased yield by 2.4% on a cultivar more tolerant of leaf rust. reported varietal differences in foliar disease control and yield response to fungicide application in 1 of 2 yr, and that the environment in the non-responsive year was not favorable for the development of disease. Fungicide response depends on the presence of the disease and suitability of the environment for the growth of pathogens (Wiik and Ewaldz, 2009 ). Thus, both field site and year might be expected to influence the efficacy of fungicides (Ruske et al., 2003b) , as fungicide application affects yields by controlling foliar disease.
Management needs new information for intensifying wheat production by considering additive and synergistic effects among modern cultivars and technologies. Therefore, the primary objective of this research was to investigate strategies to intensify management in soft red winter wheat as affected by N rate, various fungicide strategies, cultivars, a plant growth regulator, and environments.
MAteRIAls And Methods description of Field sites, cultural Practices,
and experimental design Studies were conducted at nine field site locations across southwestern Ontario, Canada, in 2008 , to investigate the effect of N, fungicide, cultivar, and environments on the performance of winter wheat. All experiments were established on private farms, except for the Ridgetown site in 2010, which was established on land traditionally used for research. Details of field site locations and soil type are presented in Table 1 . All field sites were planted after soybean (see planting dates in Table 1 ). Weeds were controlled, if necessary, before GS30 with post-emergent herbicides. Experiments were installed at each site in a strip-split-split plot design with three replications. The primary treatments consisted of three to seven soft red winter wheat cultivars that were planted side-by-side in strips along the length of the field. The first split treatments consisted of three N rates (100, 135, and 170 kg N ha -1 ) applied in blocks as a topdress in the spring; these blocks were randomized within each replication at all field sites. The 100 kg N ha -1 rate was chosen to represent the standard recommended use rate of N for soft red winter wheat in the province (Peter Johnson, Ontario Cereals Specialist, Ontario Ministry of Agriculture and Food, personal communication, 2012) . The 170 kg N ha -1 represented a rate that should produce an environment with little or no limitations to N in the absence of lodging. To limit lodging risk, a plant growth regulator (PGR) was applied only to treatments that received the highest N rate of 170 kg N ha -1 . Unpublished N rate trials in the past decade across the province have shown that the most economical rates of N were bracketed between 100 and 170 kg N ha -1 , with most of those economic rates between 100 and 135 kg N ha -1 . Therefore, N rates were chosen to focus within a relatively narrow range between 100 and 170 kg ha -1 for addressing the primary objectives of this study. Zero-N strips were not included in the design for 2008, but all field sites in 2009 and 2010 included a strip with zero fertilizer N applied in the spring as a top-dress across cultivars in each replicate. No fungicides were applied to the zero-N strip.
Eight fungicide treatment strategies were installed as the second split treatment, and randomized within each of the three N-rate blocks. The fungicide strategies consisted of an untreated check with no fungicide (UTC), a single application at each of three different timings, and all possible combinations of multiple applications across the three timings for up to three fungicide applications in some treatments. The fungicides and application timing targets are presented in Table 2 . The actual calendar date and growth stage of each fungicide application are presented in Table 3 . The actual and targeted timings varied because of weather and soil conditions. All fungicides used in the study were among the most widely recommended fungicides for the prescribed timing of applications.
At the T1 timing, the fungicide Stratego 250 EC (Bayer CropScience, Calgary, AB) was applied at 500 mL ha -1 , or 62.5 g a.i. ha -1 of propiconazole {(2rs,4rs;2rs,4sr)-1-[2-(2,4-dichlorophenyl)-4-propyl-1,3-dioxolan-2-ylmethyl]-1h-1,2,4-triazole} and 62.5 g a.i. ha -1 of trifloxystrobin {(e,e)-methoxyimino-[2[1-(3-trifluoromethyl phenyl)-ethylideneaminooxymethyl]-phenyl]-acetic acid methyl ester ca: (e,e)-alpha-(methoxyimino)-2[ [[[1-[3(trifluoromethyl) phenyl] ethylidene]amino]oxy]methyl]-benzeneacetic acid methyl ester}. At the T2 timing, Headline 250 EC (BASF Canada, Mississauga, ON) was applied at 500 mL ha -1 , or 100 g a.i. ha -1 of pyraclostrobin [methyl[2-[1-(4-chlorophenyl) pyrazol-3-yloxymethyl]phenyl](methoxy)carbamate]. Prosaro 250 EC (Bayer CropScience, Calgary, AB) was applied at approximately 50% flower (GS65) at the T3 timing, at the use rate of 800 mL ha -1 , or 100 g a.i. ha -1 of prothio- (Zadoks et al., 1974) . § UTC, untreated check, no fungicide. and 100 g a.i. ha -1 of tebuconazole (α-tert-butyl-α-(pchlorophenylethyl)-1h-1,2,4-triazole-1-ethanol)]. All fungicides were applied with field-scale equipment to mimic the performance of commercial application. Fungicides at the first two timings were applied using TT11002 flat fan nozzles (Spraying Systems Co., Wheaton, IL) at a spray volume of 187 L ha -1 using a commercial John Deere 4730 sprayer modified for small plot research with five independent spray booms. For the T3 timing (i.e., at GS65), a forward and back nozzle configuration was used for optimal coverage of wheat heads for controlling Fusarium and reducing deoxynivalenol; the double nozzle bodies were equipped with TT11001 tips and calibrated to deliver 187 L ha -1 spray volume. The effective width of each N-fungicide plot was 3.3 m, and the length of each plot was determined by the width of the cultivar strips (6.0 m). Wheel and foot traffic were controlled in the studies with a narrow tramline (0.30 m) of desiccated wheat between each fungicide plot across the cultivar strips. Shields on the ends of each spray boom during fungicide application reduced the potential for spray drift onto adjacent plots.
The N treatments were applied in blocks across cultivars in one application in April before GS30 or the T1 fungicide application timing (Table 3) , which was within provincial recommendations for optimal timing for N on soft red wheat (OMAFRA, 2010) , and before the onset of rapid N uptake (Baethgen and Alley, 1989) . Similar to the fungicide application, field-scale equipment was used to apply N as urea ammonium nitrate (UAN) (28-0-0) with a commercial John Deere 4730 (Deere and Company, Moline, IL) sprayer equipped with TeeJet StreamJet SJ7 nozzles (Spraying Systems Co., Wheaton, IL). Application rates were controlled using the Greenstar 2 system (Deere and Company, Moline, IL) on the sprayer. The PGR chlormequat chloride (CCC) (Cycocel, BASF Crop Protection, Mississauga, ON) [(2-chloroethyl)-trimethylammonium chloride] was applied according to label at 1.15 kg a.i. ha -1 in a spray volume of 187 L ha -1 using TT11002 flat fan nozzles at the T1 fungicide application timing, but only in most plots that received 170 kg N ha -1 . To assess the effect of the PGR on wheat performance, no PGR was applied in two strips that were duplicated within the randomization of fungicide treatments in the 170 kg N ha -1 block at each field site; no fungicides were applied on one strip, and the most intensive fungicide treatment was applied to the other (UTC and T123, see Table 2 for fungicide strategies).
Each wheat cultivar was seeded in the fall at 3.7 million seeds ha -1 in 0.19-m-wide rows with minimum or no-tillage after soybean. The cultivars selected for this study varied by field site and year (see Table 1 for listing, Table 4 for disease ratings). All fields within the 2009 crop year were planted with the same cultivars, as were all fields within the 2010 crop year. The cultivars changed slightly from year to year to reflect the market position of the most popular cultivars in Ontario. The cultivars Pioneer 25R47 and Emmit were the most popular among growers between 2008 and 2010; these were grown at all field site locations in the study and used as a reference or standard in comparisons to other cultivars that were not grown in some field site years. The combination of cultivars deployed at each site represents a range of susceptibility to leaf disease and tolerance to Fusarium Head Blight (Table 4 ). All cultivars except one were top-yielding cultivars in Ontario according to provincial performance trials conducted by the OCCC (2010). The one cultivar exception is Pioneer 25R51; yields of this cultivar are slightly below average in provincial cultivar performance trials, but it is popular among growers because of its superior tolerance to Fusarium Head Blight compared to other cultivars.
Potash was applied before planting according to soil test recommendations. Mono-ammonium phosphate (MAP) (11-52-0) was applied in-furrow at planting at 100 kg ha -1 at all field sites, which is a standard practice in Ontario for producing high yields (OMAFRA, 2010) .
crop Measurements
Wheat canopies were scouted for leaf diseases before each fungicide application and 14 to 21 d after anthesis during the middle of the grain-fill phase. At this last rating before harvest, the flag leaf was rated separately from the leaves in the lower canopy. The predominant foliar diseases present in the field sites included septoria leaf blotch (Septoria tritici), leaf rust, and powdery mildew (Blumeria graminis).
Lodging in this study was rated on a scale of 0 to 9 (0 = fully erect; 9 = flat) within 7 d prior to harvest. The duration of green leaf area during the grain-fill phase was estimated by recording the percentage of green leaf area per plot when the first plot at each site reached full leaf senescence (0% green leaf area).
Grain yields, harvest grain moistures, and test weights were measured on a Gleaner K2 combine (AGCO, Duluth, GA) equipped with a HarvestMaster GrainGage Classic (Juniper Systems, Inc., Logan, UT) grain measurement system. Harvested area per plot ranged from 17.4 to 18.6 m 2 . A subsample of grain was retained to determine kernel weight. A total of 1000 kernels were counted, weighed, and presented as thousand kernel weight (TKW). Grain samples from the 2010 Belmont site were discarded before processing because they were damaged by insects in storage.
The number of spikes m -2 was estimated in selected fungicide treatments (UTC, T1, T2, T3, and T123; Table 2) within the 100 and 170 kg ha -1 N rate-blocks, and in the zero-N strips, across all cultivars at most field sites. These N-fungicide combinations were selected based on "extreme" treatments of apparent N deficits to sufficiency, and from no fungicide to the most intensive fungicide treatment with the application of three fungicides. The number of spikes in each plot was estimated by counting the number of spike-bearing stems in two, 1.0-m row segments between tracks made by the combine harvester, with the assumption that each of those stems produced a spike-bearing grain. Prior to harvest, it was determined that <0.1% of stems were barren (data not shown). The number of spikes was not estimated at Lucan in 2009 because the farm co-operator performed some tillage after wheat harvest. The number of kernels spike -1 was estimated from the grain yield plot -1 , number of spikes m -2 and kernel weights of available data.
Weather Measurements
Weather was recorded at or within 10 km of each site using monitoring equipment from Adcon Telemetry (Adcon Telemetry GmbH, Klosterneuberg, Austria). Weather parameters included hourly air temperature at 1.25-m above the soil surface, daily rainfall, and relative humidity. Weather stations were installed at or near each site in late April and monitored until harvest. Monthly average temperature and precipitation data for each site are presented in Table 5 .
statistical Analyses
Data were analyzed using SAS PROC MIXED in SAS 9.2 (SAS Institute, Cary, NC). There were significant treatment interactions with site; as a result, and because the same cultivars were not used at every field site location, sites were analyzed and data presented separately in most analyses. When the data were analyzed across sites, the random variables in the PROC MIXED model included replication (rep) within site, cultivar within site, cultivar × N rate within site, and cultivar × N rate × rep within site. When sites were analyzed separately, the random factors included rep, rep × cultivar, rep × N rate, and rep × cultivar × N rate. It is important to note that the experimental design precludes the simple effect of "cultivar" within each field site because the cultivars were not randomized across replications, but the experimental design does allow for examination of all other interactions with cultivar (Dr. O.B. Allen, Department of Mathematics and Statistics, University of Guelph, Guelph, ON). Not randomizing the cultivars greatly facilitated planting of the complex design; besides, the simple effect of "cultivar" was of low interest in the study (interaction with cultivar was included as part of the primary objectives of the study). Most results were presented across wheat cultivars because interactions of cultivar and N or fungicide treatments were inconsistent across field sites.
A simplified model was used to analyze the fungicide strategies and their interactions with N rate and cultivar. The fungicide treatments were completely balanced with all combinations of factors investigated at each site, and can therefore be tested as a three-way interaction of fungicide timings. However, when these fungicide interactions were combined with N and cultivar, interpretation was often complex, with up to five-way interactions (i.e., T1 × T2 × T3 × N rate × cultivar). To simplify the analysis and interpretation, the fungicide treatments were analyzed as "fungicide" with eight levels.
A delta yield approach was used to facilitate the analysis and interpretation of results with interactions by analyzing the yield response of various treatment strategies over the UTC. For example, this approach was used to investigate fungicide responses over the check or UTC within N rate.
Nitrogen response curves were generated for each fungicide treatment at the 2009 and 2010 field sites using a quadratic response function. Response curves could not be estimated Table 4 . Average provincial † disease ratings for the eight soft red winter wheat cultivars planted during the study from 2008 to 2010.
Cultivar Leaf disease
Fusarium head blight rating ‡ Septoria Powdery mildew Leaf rust for the 2008 sites because they did not include zero-N strips. Because of the number of plots to manage and size restrictions of the experimental area, only one zero-N strip was installed per replication at the sites in 2009 and 2010. These strips were not treated with a fungicide. It is important to note that grain yields from these no-fungicide zero-N strips were used to fit the N response curves among fungicide treatments. The assumption was that wheat with severe N deficiency has only a marginal response to fungicide (Dr. D.C. Hooker, University of Guelph, Guelph, Ontario, Canada, unpublished data, 2007 ). Therefore, we tested the effect of a 3% yield gain of the zero-N yields with a fungicide at the T3 timing, and a 5% response with the application of three fungicides (T123); we argue that these assumptions are more realistic than to ignore yield response to fungicides applied to the zero-N wheat treatment. These fungicide responses were approximately one-half the response where N was applied, and were based on the diminishing yield response with fungicide at lower N rates observed in this study. Using covariate analysis in a mixed model with fixed and continuous variables (Vyn and Hooker, 2002) , the response curves were not different (P > 0.50) within the 100 to 170 kg ha -1 N range for the assumption of the 3 to 5% increase in grain yield compared to curves fitted using the yield at zero-N with no fungicide for all fungicide treatments. Furthermore, the maximum economic rate of N was within 1 kg N ha -1 when curves were compared with and without the estimated fungicide response of the zero-N point (data not shown); nevertheless, maximum economic N rates were >100 kg N ha -1 in all field locations.
Results And dIscussIon
Weather conditions 2008-2010. Overall, weather conditions contributed to winter wheat yields across the province that were above the long-term trend line (Table 5) . We postulate that the results from 9 site-years of this study represent a range of environmental conditions associated with wheat production on farms in the province and neighboring states.
The effect of plant growth regulator and cultivar at the high nitrogen rate. Lodging occurred among some cultivars within the highest N rate treatment in only 3 of 9 site-years at Lucan, Belmont, and Ridgetown field sites in 2010 (data not shown). Lodging at harvest was negligible across treatments at the other 6 site-years, even in treatments with the highest N rate (170 kg N ha -1 ) and no PGR (data not presented). The PGR treatment reduced lodging only at the Ridgetown site in cultivars that were apparently more prone to lodge (e.g., 25R39, 25R47, and 25R51, data not shown); lodging was not reduced with the PGR treatment on cultivars more tolerant to lodging, producing a PGR × cultivar interaction at this site.
There was little evidence that the PGR treatment affected yields when yields were compared with and without a PGR. At seven of nine field sites, the application of a PGR to the 170 kg N ha -1 treatment did not affect yields when averaged across cultivars and fungicide treatments (data not shown). At Ilderton in 2008 and Belmont in 2010, the application of a PGR was associated with an increase in yield by 0.23 and 0.28 Mg ha -1 (P < 0.05; data not shown), respectively, even though lodging was relatively low at both locations.
Lodging can result in significant reductions of yield and grain quality by interfering with water uptake, photosynthesis during grain fill, and by providing an ideal environment for disease (Van Sanford et al., 1989; Wiersma et al., 1986) . Therefore, managing to reduce lodging potential is important, especially with high rates of N, but the use of PGR is only one management tool. If lodging does not occur, the application of a PGR does not usually affect grain yield (Nafziger et al., 1986; . This study would concur with others that yield responses to PGR are negligible if crop lodging does not occur, and therefore, justifies the use of PGR at only the high N rate in this study. Nitrogen and fungicide effects on grain yield pooled across field sites. In most site-years of this study, wheat grain yield was significantly affected by cultivar, N rate, fungicide strategy, and interactions among N rate, fungicide, and cultivar (Table 6 ). Wheat grain yields will be presented as least squared means in all combinations of N rate and fungicide treatments by field site. Differential fungicide responses with N rate will be referenced in a separate table as a delta yield response compared to the UTC treatment within each N rate; differential N response curves among fungicide strategies will be presented as N response curves by fungicide strategy.
Overall, N and fungicide management strategies interacted with field sites or environments, so results were analyzed and presented by field site. Grain yields varied across sites from a low of 4.87 Mg ha -1 in one treatment at the Kerwood 2008 site, to a high of 9.12 Mg ha -1 in one treatment at the Ridgetown site in 2010 ( Table 7 ). The Kerwood site had the lowest yields probably because it was planted approximately 3 wk later than the optimal planting date for winter wheat (Table 1) , which resulted in thin stands that were slow to greenup in the spring.
The grain yield response to various fungicide strategies depended on the rate of N. Overall, there was a synergistic grain yield response between N rate and fungicide application. This response was consistent across most field sites, and was shown by N rate × fungicide interactions (N × F) at eight of nine field-site locations (0.012 < P < 0.0001, Table 6 ).
The synergism between N rate and fungicide may be summarized with pooled data across all field sites and cultivars. When averaged across all field sites, grain yields increased from 6.09 to 6.57 Mg ha -1 as the rate of N increased from 100 to 170 kg ha -1 with no fungicide (Table 7) , or a yield response to N of 0.48 Mg ha -1 (P < 0.0001, contrast not shown). At the N rate of 100 kg ha -1 , the most intensive fungicide strategy (T123) produced yields of 6.77 Mg ha -1 , compared to 6.09 Mg ha -1 with no fungicides applied (Table 7) , or a fungicide response of 0.67 Mg ha -1 (Table  8 , P < 0.0001, contrast not shown). However, with 170 kg N ha -1 , wheat grain yields increased from 6.57 Mg ha -1 with no fungicides to 7.54 Mg ha -1 with the T123 fungicide treatment (Table 6) , or a fungicide response of 0.97 Mg ha -1 (Table 8 , P < 0.0001, contrast not shown). Overall, yields increased by 1.45 Mg ha -1 (Table 7 ; P < 0.0001, contrast not shown) when N was applied at 170 kg ha -1 rate with the most intensive fungicide treatment T123 (7.54 Mg ha -1 ) compared to the standard 100 kg ha -1 rate with no fungicide (6.09 Mg ha -1 ). This was a synergistic response to high N and fungicide because the response was greater than the sum of responses for a high N rate (170 vs. 100) and inclusion of fungicides (no fungicide vs. three applications), or 0.48 and 0.67 Mg ha -1 , respectively. The synergism between N and fungicide has been reported in the literature, but the synergistic yield improvements have not been as great or consistent as those presented in this study, and most are reported from environments that traditionally practice intensive wheat management (Ruske et al., 2003a; Olesen et al. 2000; Walters and Bingham, 2007; Delin et al. 2008 ). In contrast, Olesen et al. (2003b) reported yield increases with N rates and fungicide applications, but the study did not show any interaction between N application rate and fungicide. They attributed the lack of interactions to the experimental design that was deployed, where fungicides were applied according to the levels of disease within each N rate in the study. They also cited one report (Mascagni et al., 1997) from Louisiana, where only 1 of 12 location-years revealed an interaction between N rate and fungicide.
Yield response to increased N and fungicide applications varied among field site-years. The magnitude of wheat yield response with the combination of 170 kg N ha -1 and the T123 fungicide treatment, compared to the 100 kg N ha -1 with no fungicide, depended on the field site. Among the eight field sites with an interaction of both management options, yield responses to the combination of high N and T123 fungicide strategy varied from 0.80 Mg ha -1 (P < 0.0001, contrast not shown) at the Kerwood 2008 site, to 2.11 Mg ha -1 (P < 0.0001, contrast not shown) at the Lucan 2009 site (Table 7 ). The N rate × fungicide interaction did not occur at the Ilderton 2008 field site; although there were yield differences across fungicide treatments, the responses were similar across N rates (Table 7) .
When the data were pooled across site and cultivars, the highest wheat yields were produced on plots that received a single application at T3, or multiple fungicide applications (i.e., T12, T23, T13, and T123). The yield response across fungicide strategies was dependent on N rates especially for the T12, T13, T23, and T123 fungicide treatments (0.01 < P < 0.05; Table 8 ). Yield response with only the T1 timing of fungicide application was the lowest and most inconsistent across sites compared to other fungicide treatments (0.11 Mg ha -1 when averaged across N rates, Table 8 , and not different from the no fungicide check; P > 0.05, Table 7 ). In contrast, when pooled across all field sites and cultivars, the highest yield response to fungicide in the 100 kg N ha -1 plots occurred in the T23 and Table 6 . Analysis of variance significance levels for fixed effects of wheat grain yield at each field site in 2008 to 2010 as determined using SAS PROC MIXED (Littell et al., 2006 produced with 100 or 135 kg N ha -1 and a T3 fungicide application were similar to the application of three fungicides (T123) at those N rates; however, at the higher N rate of 170 kg N ha -1 , grain yields with the T13 or T23 fungicide application strategy were 0.15 Mg ha -1 higher (P < 0.05) than the T3 fungicide alone when averaged across field-site locations and cultivar (Table 8) . Therefore, the T3 fungicide application tended to be the most important fungicide treatment timing for grain yield regardless of N rate, but at the high N rate, yields responded more with the addition of a fungicide application at the T2 timing or T12 timings along with the T3 (i.e., T23 or T123). Field-specific nitrogen and fungicide effects on grain yield. The response to fungicide depended on field site and the potential for leaf disease at each field site. Differences among sites are important to characterize environments that may be more or less responsive for fungicide application decisions. In other words, some environments (field sites) may not produce an economic response to a fungicide, and therefore, a fungicide may not be warranted. Weather factors highly influence the progress of plant disease in crop canopies (Shaw and Royle, 1993; te Beest et al., 2008; Segarra et al., 2001 ); we speculate that weather factors caused most of the variability in foliar diseases across field sites, because crop rotations, tillage systems, and soil types were similar.
In this 3-yr study, the sites that were most responsive to fungicides tended to be ones characterized by the largest synergistic effect between fungicides and N rates. (Tables 7 and 8) . At these sites, the highest yield response to fungicide in the 100 kg N ha -1 plots tended to be associated with the T3, T13, T23, and T123 treatments, which produced responses between 0.40 (Ilderton 2010) and 1.41 Mg ha -1 (Lucan 2010), compared to a maximum of 0.67 Mg ha -1 when averaged across all field sites. At the N rate of 170 kg N ha -1 , the highest yield response at these sites tended to be associated with fungicide treatments consisting of multiple fungicide timings, or T12, T13, T23, and T123. Yield responses at these same field sites varied from 0.78 Mg ha -1 at Ilderton in 2010, to 1.87 Mg ha -1 at the Lucan 2010 site, compared to 0.97 Mg ha -1 when averaged across all field sites. These field-specific responses are important for decision-making purposes. For example, a field-specific response of 1.87 Mg ha -1 represents an increased wheat value of $467 ha -1 (at a market value of $250 Mg -1 ) compared to $242 ha -1 when averaged across all field sites.
In contrast to those "fungicide responsive" sites mentioned previously, the Ilderton site in 2008 was the least responsive to fungicide, especially in the 100 kg N ha -1 treatment, with yield responses <0.27 Mg ha -1 among the T1, T2, T3, T12, and T13 fungicide treatments (Table 8) . If this was a grower's field situation, a "no fungicide" decision would have been more appropriate for this environment, depending on fungicide application costs and considerations for grain quality. However, the fungicide response was highly dependent on the N rate at the Ilderton 2008 site; fungicide responses were much higher (up to 0.87 Mg ha -1 ) at the 170 kg N ha -1 rate, which produced highly significant N differences across fungicide treatments (Table 8) .
Belmont in 2010 was an exception to the N rate by fungicide interaction response that occurred at other sites. At this site, the yield response to fungicide was less at the 170 kg N ha -1 rate compared to the yield response at the 100 or 135 kg N ha -1 application rates, but there were no fungicide differences across N (P > 0.05; Table 8 ). Disease levels were lower at Belmont in 2010 than other sites (Table 9 ), but the lower response to fungicides at higher N rates cannot be explained, unless the differential responsiveness was due to some lodging and/or harvest losses at the high N rate that did not occur at the 100 or 135 kg N ha -1 rates.
Increasing effectiveness of fungicides at higher N application rates may be related to the incidence and severity of diseases .001 † % of flag leaf area affected by disease, predominately septoria (70-80%), with some powdery mildew and leaf rust (20-30%) depending on field site. ‡ Means within field site-year followed by the same letter are not significantly different according to Tukey-Kramer (P = 0.05). Mean separation presented only with significant F test (P = 0.05). § UTC, no fungicide; T1, fungicide at approx. GS30; T2, fungicide at approx. GS39; T3, fungicide at approx. GS60-65; T123, three passes with fungicide application at T1,T2,T3 timings.
---------------------------% Severity † --------------------------
at different times of the year, in which case more frequent fungicide application is likely to reduce infection regardless of the timing of disease pressure. As the N rate is increased, winter wheat canopy dry matter production increases (Olesen et al., 2003b) , which creates an environment more suitable for the growth of some pathogens, with less wind movement and greater humidity within the canopy (Tompkins et al., 1992) . If the increased canopy biomass can be protected by one or more applications of a fungicide, then more leaf area should be available for the production of photosynthate and formation of yield.
Wheat yield response to fertilizer nitrogen. Similar to the effect that the fungicide response depended on the rate of N (i.e., N rate × fungicide interaction), the relationship between grain yield and fertilizer N depended on the fungicide regime.
Grain yield responses to N rate were curvilinear with diminishing returns at all field sites (Fig. 1a-1c) . Parameter estimates of the relationships are presented in Table 10 . The greatest yield response to N was observed in plots where fungicides were applied. Field sites with the highest yield potential tended to have the highest disease severity; these sites showed the greatest responses to N where fungicides controlled disease, as evidenced by the separation of quadratic response curves ( Fig. 1a-1c ; equations in Table 10 ). In contrast, the Belmont site in 2010, for example, had one of the lowest disease ratings compared to the other sites, and the T3 and T123 curves are similar; response at Lucan 2010 showed greater separation of the curves with and without fungicide. The N response curves for the 2009 sites indicate that yields were not maximized with the highest N rate of the study (170 kg N ha -1 ), but especially where multiple applications of fungicides were applied. At Ridgetown and Lucan in 2010, the maximum yields were produced with N rates between 100 to 170 kg N ha -1 with the T123 fungicide treatment; yields declined at the highest rate of N where no fungicides were applied (likely in part due to lodging and harvest losses at these two sites). The difference in response between the UTC and the T3 and T123 fungicide treatments suggests that the most economical rate of N may vary with efficacy of disease control by fungicides, as reported by others (Olesen et al., 2003a; Berry et al., 2010) .
Effect of soft red wheat cultivar on fungicide responses. The main focus of this study was to investigate interactions among N rate, fungicide treatments, and environments. It may be argued that the responsiveness and stability of those effects may interact with genetic differences among cultivars. Therefore, the study was designed to test the effects across some of the most popular cultivars grown by producers in the province, but with more focus on N and fungicide and less precision on separating differences across cultivars.
The curvilinear yield response to N rate did not depend on cultivar at any field site. Most of the variation of yield was associated with the interaction between N rate and fungicide (Table 6 ). However, others have reported differential N responses with cultivar (Ortiz-Monasterio et al., 1997; Barraclough et al., 2010) . Barraclough et al. (2010) investigated N dynamics across 39 cultivars released within a 25-yr period, and reported that the best short cultivars took up 31 to 38 kg ha -1 more N, and that grain yield per unit of N taken up into the canopy was 24 to 42% better than cultivars that responded poorly to N. The current study was not designed to characterize cultivar responses to N, as only several of the best high-yielding cultivars were chosen in the study. It can be speculated that the cultivars deployed in the current study were among the most popular with growers because of their high yield performance; this performance may be due to their responsiveness to N and therefore few differences were detected among cultivars in their N response. Even though others have reported interactions of cultivars with N rate on grain yield when diseases are controlled, the results have been inconsistent from year to year and from field to field (Barraclough et al., 2010) .
With fungicides, however, the yield response to one or more fungicide treatments depended on wheat cultivar at 5 (P < 0.05) or six (P < 0.10) of 9 site-years (individual site data by cultivar not presented). When analyzed by year, the response to fungicide treatments depended on cultivar across field sites in 2 of 3 yr of the study. Both Emmit and 25R47 were cultivars common across all sites; this allows statistical comparison of cultivars across field sites.
Grain yield responses to fungicide were not different between both cultivars (25R47 and Emmit) that were common across the three field sites in 2008 (data not shown; P > 0.05). The yield response to fungicide depended on the cultivar in 2009 when averaged across N treatments (P = 0.037, ANOVA not presented; means in Table 11 ). In 2009, yield response varied between 0.51 and 1.02 Mg ha -1 depending on cultivar when averaged across N rates and three key-interest fungicide treatments of one to three applications (T3, T23, and T123). Cultivar differences were most pronounced in 2010, especially at Lucan and Ridgetown (P < 0.001, ANOVA not presented; means presented in Table 11 ). At Lucan and Ridgetown, the average yield response across both field sites ranged from 0.79 to 1.68 Mg ha -1 , depending on the cultivar, when averaged across N and fungicide treatments T3, T23, and T123. There was a trend for differences in yield response across cultivars when the number of applications of fungicide increased at Lucan and Ridgetown in 2010, producing a cultivar × fungicide interaction (P < 0.001, ANOVA not presented); the difference between the lowest and top yielding cultivars was 0.66, 1.03, and 1.03 Mg ha -1 for the T3, T23, and T123 fungicide treatments, respectively. A three-way cultivar × fungicide × N interaction was not significant (P > 0.05, ANOVA not presented), but mean yield responses were the greatest with the combination of the T123 fungicide treatment at the high rate of N of 170 kg N ha -1 .
There was a trend for the synergistic nature between N rate and fungicide to vary in magnitude depending on cultivar. For example, 25R51 and Emmit were the most and least responsive, respectively, to a T123 fungicide application at Lucan and Ridgetown in 2010, with a yield response of 1.95 Mg ha -1 from 25R51 and 0.96 Mg ha -1 from Emmit averaged across the two sites (Table 11) ; however, the yield response also varied with N rate: 25R51 responded with 1.72 and 2.36 Mg ha -1 (difference of 0.64 Mg ha -1 ), and Emmit 0.78 and 1.18 Mg ha -1 (difference of 0.40 Mg ha -1 ), in the 100 and 170 kg N ha -1 treatments, respectively (SE = 0.274 for the means of both cultivars, n = 6; cultivar data by N and fungicide not presented). In the T3 fungicide treatments (one application at GS65) at Lucan and Ridgetown in 2010, 25R51 and Emmit were the most and least responsive to a T3 fungicide application, with a yield response of 1.24 Mg ha -1 from 25R51 and 0.58 Mg ha -1 from Emmit (Table 11) ; however, the yield response varied with N rate: 25R51 responded with 1.11 and 1.48 Mg ha -1 (difference of 0.37 Mg ha -1 ) in the 100 and 170 kg N ha -1 treatments, respectively, and Emmit 0.46 and 0.70 Mg ha -1 , respectively (difference of 0.24 Mg ha -1 , SE = 0.274 for the means of both cultivars, n = 6; cultivar data by N and fungicide not presented).
Cultivars that responded the most to fungicide expressed the greatest synergy between N rate and fungicide. For example, the yield increase with fungicide in the cultivar 25R51 was greater at the 170 kg N ha -1 than the 100 kg N ha -1 rate at every site at which it was planted (six responses on six sites; P < 0.05); in contrast, the fungicide response of the cultivar RO55 was not different between N rates on any of the four sites where it was planted (P > 0.05; data not shown). Of the two cultivars grown in all site-years (25R47 and Emmit), the N rate × fungicide interaction (synergy) was significant at 7 of 9 site-years (P < 0.05) for 25R47, while Emmit was significant at 4 of 9 siteyears. The yield response in the most intensive N rate-fungicide treatment combination (170 kg N ha -1 + T123 fungicide) was Table 10 . UTC, untreated check no fungicide; T3, fungicide at Zadoks Growth Stage (GS) 65; T123, fungicide at approximately GS 30, GS 39, and GS 65. Data points presented are offset 2 kg N ha -1 for the UTC and T123 treatments for clarity.
higher in 25R47 than Emmit at 8 of 9 site-years (P < 0.05; data not shown). In summary, there was evidence that the magnitude of the synergy between N rate and fungicide was different across cultivars in some environments more than others. The data shows that the response to fungicide depends on wheat cultivar in addition to N rate, fungicide treatment, and environment (i.e., field site).
Incidence and severity of leaf disease as affected by environment, nitrogen rate, and fungicide. Disease symptoms on the flag and penultimate leaves through the grain-fill period were affected predominantly by environment, wheat cultivar, N, and fungicide treatment. Overall, the severity of diseases was the highest at the Ridgetown and Lucan sites in 2010, with approximately 30% of the leaf area of UTC affected by disease (Table 9 ). Diseases were much lower across sites in 2008 and 2009, with <9.5% of the leaf area at the top of the canopy visually infected by disease in the UTC (Table 9 ).
The control of leaf disease with fungicide treatments appeared to depend on the N rate, producing N rate × fungicide interactions at Kerwood 2008 (P < 0.001), West Lorne Table  10 . UTC, untreated check no fungicide; T3, fungicide at Zadoks Growth Stage (GS) 65; T123, fungicide at approximately GS 30, GS 39, and GS 65. Data points presented are offset 2 kg N ha -1 for the UTC and T123 treatments for clarity.
2009 (P < 0.001), Ridgetown 2010 (P = 0.02), and Lucan 2010 (P < 0.001) (see Table 9 ). Leaf diseases were more prevalent across field sites in 2010 compared to other years; disease data from these sites were analyzed and combined, which produced a significant N rate × fungicide interaction across all four sites in 2010 (P = 0.005, Table 9 ). These N rate × fungicide interactions indicate that the response to fungicide treatment depended on the rate of N. However, the statistical significance may not equate to biological significance. For instance, averaged across field sites in 2010, 32% of the leaf area in the UTC was infected at an N rate of 170 kg ha -1 , compared to 26.9% in the 100 kg N ha -1 treatments (data not shown).
Disease on the flag and penultimate leaves was weakly associated with N rate across most field locations. This result contrasted with similar comparisons in the literature; several have reported high concentrations of N in the canopy favored leaf rust (Walters and Bingham, 2007) , powdery mildew (Olesen et al, 2003a) , and septoria (Howard et al., 1994 ; Lovell et al., Table 10 . UTC, untreated check no fungicide; T3, fungicide at Zadoks Growth Stage (GS) 65; T123, fungicide at approximately GS 30, GS 39, and GS 65. Data points presented are offset 2 kg N ha -1 for the UTC and T123 treatments for clarity. 1997). However, Olesen et al. (2003a) in Denmark reported no correlation between N rate and septoria. Higher rates of N tend to produce larger canopies that provide more favorable environments for pathogenic infection (Walters and Bingham, 2007) . Yield reductions have been reported when diseases are not controlled through reduced photosynthesis, reduced translocation of N from storage reserves (Agrios, 1988; Ruske et al., 2003b) , and reduced root uptake of N (Delin et al., 2008) .
Plots that received an application of fungicides tended to produce the highest yields in the study. This is consistent with observations from Ruske et al. (2003b) and Gooding et al. (2000) who reported higher grain yields, canopy biomass, and grain N with applications of fungicides for controlling foliar diseases. Data from the current study shows that the most effective fungicide application timing was at T2 or T3; these timings controlled leaf diseases to levels similar in all N rates (P > 0.05, Table 9 ). The T1 fungicide treatment did not control disease on the flag leaves during grain fill at any field site (compared to the UTC). Fungicide treatments applied at either T2 or T3 reduced leaf disease severities compared to the UTC at all nine field sites. Treatments with T123 had the lowest leaf disease during grain fill, but were usually not different from the T3 alone (Table 9 ) or T23 treatments (data not shown). Canopies in the UTC treatments at the Lucan 2010 site were severely infected with powdery mildew in a 2-wk period until the flag leaf was fully expanded (data not shown). At this site, the T3 fungicide application was too late for controlling the powdery mildew but the T2 was more timely for controlling the disease, which produced treatment differences between T3 and T23 or T123 at this field site.
Fungicide effects on leaf disease severity depended on cultivar at the two field sites with the highest disease in 2010; fungicide × cultivar interactions were significant (P < 0.02) at all sites in 2010 (Table 9 ). Under lower disease pressure at other sites, few interactions between cultivar and fungicide were detected. Briefly, the cultivars 25R39, 25R47, and 25R51 had higher severities of leaf disease at both field sites compared to other cultivars planted at those field locations (data not shown); diseases tended to be more severe at the high N rate without fungicides; however, a T2 or T3 fungicide application controlled diseases in the canopy.
Cultivars differed more in response to fungicide where conditions were favorable for the development of disease. Others have reported yield responses to fungicide to be dependent on the genetic disease resistance among cultivars (Sutton and Roke, 1986) . The cultivars 25R47 and 25R51 were among those susceptible to septoria and powdery mildew in this study (Table 4) ; higher levels of septoria and powdery mildew were found on 25R47 and 25R51 compared to Emmit and E1007R. Leaf rust on the flag leaf was higher in Emmit, but at lower levels than septoria in the 3 yr of this study (Table 9) .
Analyzing cultivars separately within each site shows that effects and interactions were not equal across cultivars. Fungicide applications at T2 and T3 were associated with significant yield increases across most cultivars and sites; most of this increase was associated with a corresponding decrease in leaf disease severity, especially in environments that were favorable for disease (weather and/or high N rates). Higher yield responses to fungicides on susceptible cultivars and in environments favorable Table 10 . Parameter estimates and statistics for N quadratic response curves (Yield = a + bN + cN 2 ) with and without fungicides for the 2009 and 2010 field locations.
Year
Field site Fungicide for disease have been reported elsewhere (e.g., Beurelein et al., 1991; Mascagni et al., 1997) ; however, reports of yield responses to fungicide are not common when diseases are low or environments are not favorable for disease infection. For example, Mascagni et al. (1997) concluded that selecting cultivars resistant to diseases accomplishes the same goal as fungicide applications but at a lower cost. In contrast, our study shows that fungicides applied at T2 and/or T3 increased yields even at relatively low disease levels across cultivars with different disease resistance, but that yield responses were the greatest when diseases were controlled with cultivar resistance or fungicides.
nitrogen Rate × Fungicide Interaction effect on Winter Wheat Yield components
Spike number per square meter. Increasing the rate of N from 100 to 170 kg N ha -1 increased the number of spikes from 680 to 720 m -2 when averaged across cultivar, fungicide, and field sites (P = 0.0097, Table 12 ). The Lucan 2010 field site showed a reduction in spike density at the higher N rate, but this may attributed to a measurement error; counts were made after harvest, and the 170 kg ha -1 N rate plots were lodged more compared to the lower N rates, and thus some wheat stems that produced a spike of grain may not have been counted. High N rates have been found to increase spike density in spring wheat (Campbell et al., 1977) and in winter wheat (Olesen et al., 2000) , although it must be applied early in the season to retain tillers (Spiertz and De Vos, 1983; Shah et al., 1994) .
Fungicide treatments tended to increase the number of spikes m -2 but the difference was only statistically significant at two field sites in 2010 (P < 0.03). When averaged across field sites, fungicides applied at T123 produced the greatest number of spikes m -2 , but was not different compared to the UTC (P > 0.05, Table 12 ). Where a fungicide was applied at T2 (i.e., T2 and T123), spike numbers tended to increase from an average of 765 to 810 m -2 at Ridgetown, and 645 to 690 m -2 at Belmont, compared to the spike numbers in non-T2 treatments (i.e., UTC, T1, T3) . No N rate × fungicide interaction was observed at any site (P > 0.10) or when data were pooled across sites (P = 0.96). Olesen et al. (2000) reported that fungicide increased spike density by 3.7% in one year, but no changes occurred in the other year of the study.
The simple effect of cultivar had the biggest effect on spike density (data not shown). For example, the cultivar 25R47 tended to have 7 to 24% higher density of spikes than Emmit (P = 0.04 Table 11 . Differential yield response (compared to no fungicide) across wheat cultivars among fungicide treatments applied at T3 (approximately GS65), T23 (2 applications; approximately GS39 + T3), and T123 (3 applications; one at approximately GS30 + T2T3) averaged across N rates (100, 135, and 170 kg N ha -1 Cultivar means within year and fungicide treatment followed by the same letter are not significantly different according to Tukey-Kramer (P = 0.05). Mean separation within year and fungicide treatment presented only with significant F test (P = 0.05).
‡ Standard error; n = 18 for each mean within fungicide treatment, n = 54 across fungicide within cultivar.
when analyzed across field sites), but no cultivar interactions were detected among N rates or fungicide treatments (P > 0.10).
Kernel number per spike. The kernel number spike -1 was estimated or calculated from the spike number m -2 , kernel weight, and plot grain yield; as a result, errors associated with the kernel numbers would be a product of errors associated with each component of the calculation. As the rate of N increased from 100 to 170 kg ha -1 , the average number of kernels spike -1 increased from 27.0 to 29.3 when data were pooled across field sites (Table 13 Averaged across all sites, there was no interaction between N and fungicide strategy on the number of kernels spike -1 (P = 0.91); however, similar to N, the use of fungicides increased the kernel number spike -1 (P < 0.0001). The fungicide treatments T3 and T123 increased the number of kernels spike -1 from 27.0 kernels spike -1 with no fungicide, to 29.2 kernels when averaged across field sites (Table 13) . Olesen et al. (2000) reported no change in the kernel number with an increase of N from 100 to 160 kg N ha -1 , but fungicides increased the number of kernels spike -1 in 1 of 2 yr of their study.
Similar to spike counts, genetic differences among cultivars had a greater impact on kernel number than the effect of N rate and fungicide; differences were highly significant among cultivars when analyzed across sites (P < 0.05). The characterization of kernel number among cultivars was not the main objective of this study; there were no cultivar × fungicide or cultivar × N interactions detected (P > 0.05).
Kernel weight. Fungicide treatments that included an application at T3 (i.e., T3, T13, T23, and T123) increased kernel weight by 2.7 to 6.6% (P < 0.05) compared to the no fungicide treatment depending on the field site (Table 14 , P < 0.05). Fungicide treatments that included an application at T2 (i.e., T2, T12, T23, and T123) increased kernel weight from 3.2 to 5.7% (P < 0.05) compared to the UTC depending on the site across five sites (Table 14) . The treatments that included fungicide applications at both T2 and T3 timings (i.e., T23 and T123) tended to produce higher kernel weights than those where fungicide was applied in T2 or T3 alone (i.e., T2, T3, T12, T13) across all field sites (Table 14) .
Kernel weight was the only yield component that interacted between N rate and fungicide. When averaged across all field sites, fungicide responses were greater in the high N rate of 170 kg N ha -1 compared to 100 kg N ha -1 , which produced a significant N by fungicide interaction (data not shown; P = 0.004). This interaction was produced mainly because kernel weight was reduced from 36.9 g 1000 -1 kernels in the 100 kg N ha -1 to 35.6 g 1000 -1 in the high rate N where no fungicides were applied (P = 0.01); the application of fungicide increased kernel weights and were not different between N rates (P > 0.10, data not shown). Interactions between T3 and N rate were observed at five sites (P < 0.10); at 100 kg N ha -1 , T3 increased kernel weight by 2.7% compared to the UTC, while at 170 kg ha -1 , T3 increased kernel weight by an average of 4.5%. Increased kernel weight with fungicide application has been reported in other research (Ruske et al., 2003a; Olesen et al., 2000; Kelley, 2001) ; this component probably contributed to the strong interactions on grain yield between N rate and fungicide strategy in the current study.
The highest N rate resulted in lower kernel weight at three sites (P = 0.05, Table 14 ). Lower kernel weight with increased N has been reported in several studies (Batey and Reynish, 1976; Melaj et al., 2003) , while others report responses to vary depending on the year (e.g., Olesen et al., 2000) . It was shown in this study that head density and kernel number tended to increase with N rate; limited resources within the plant were likely divided among more kernels, which resulted in lower kernel weights as N rates were increased (Campbell et al., 1977) .
The grain-fill period was likely influenced by the extended green leaf area duration associated with N and fungicides in this study (data not shown). Treatments with the 135 and 170 kg ha -1 N rates had greater green leaf area duration at all sites, except the Lucan 2010 site (data not shown). At this site, the green leaf area duration at the 170 kg N ha -1 was shorter than the 135 kg N ha -1 , possibly due to higher disease and lodging at the higher N rate. A fungicide application at T2 or T3 prolonged leaf greenness at all sites but one, which produced, on average, an estimated 16% more green leaf area at the time of rating during late grain fill, compared to where no fungicides were 100  660  640  760a †  600  750a  650  720  640  680a  170  680  640  830b  610  820b  680  690  660  700b   Fungicide ‡  UTC  670  660  770  610  770ab  630b  690  680  680ab  T1  670  630  780  630  780ab  670ab  700  620  690ab  T2  690  650  810  610  810ab  680ab  720  650  690a  T3  640  630  790  590  750b  640b  690  630  670b  T123  670  630  830  610  810a  700a  720  650 700a † N rate or fungicide means within field site followed by the same letter are not significantly different according to Tukey-Kramer (P = 0.05). Mean separation presented only with significant F test (P = 0.05).
‡ UTC, no fungicide; T1, fungicide at approximately GS30; T2, fungicide at approximately GS39; T3, fungicide at approximately GS60-65; T123, fungicide applied at all three timings.
applied (data not shown). Delayed leaf senescence or stay green with strobilurin or triazole fungicides have been reported elsewhere (e.g., Peltonen and Karjalainen, 1992) . In summary of yield component analysis, data pooled from all sites and cultivars indicate that increasing fertilizer N from 100 to 170 kg N ha -1 increased spike density (Table 12 , P < 0.01), increased kernels per spike (Table 13 , P = 0.003), but decreased kernel weight if fungicides were not applied (Table 14 , P = 0.01). There was a poor relationship between fungicides and spike density when data were pooled across field sites (although some individual sites showed significant increases from some fungicide treatments). Fungicides increased the kernel number spike -1 (P < 0.0001) with higher numbers with fungicides applied at T3 compared to T1 or T2. Kernel weights were also increased by fungicides applied at either T2 or T3 (P < 0.0001), especially in the high N rate treatment that produced a significant N rate by fungicide interaction. All three yield components contribute to the N by fungicide interactions in grain yield. The data show higher N rates contribute mainly to spike numbers m -2 and kernels spike -1 , whereas fungicides contribute the most to kernel weight especially at high N rates, followed by kernel numbers spike -1 . Results from this study concur with some in the literature that shows increased N rate is associated with higher spike density (Olesen et al., 2000) , but depends on time of application (Spiertz and De Vos, 1983) . Frederick and Marshall (1985) found that kernels per spike increased with frequent applications of N at low rates. Olesen et al. (2000) found only slight increases in kernels per spike at higher N rates. In contrast, Kelley (2001) found no effect of N on kernel numbers per spike. Kernel weight has been reported to decrease with increased N rates (Batey and Reynish, 1976; Melaj et al., 2003) . As expected, most of yield gains from a fungicide application after flag leaf emergence have been associated with increased kernel weight (Ruske et al., 2003b; Olesen et al., 2000; Kelley, 2001 ), but the current study indicates that fungicides have the greatest impact on kernel weight when N rates are increased. ------------------------no. kernels spike -1 ----------------------- suMMARY Various N rates, fungicide strategies, cultivars, environments, and their interactions were investigated toward the development of strategies to increase wheat performance. The grain yield response to various fungicide strategies depended on whether the environment was favorable for disease development on susceptible cultivars, the rate of N, and whether diseases were controlled with one or more fungicide applications. Overall there was a synergistic grain yield response between N rate and fungicide application, and the response was consistent across nine environments and multiple cultivars across 3 yr of study, although some field sites expressed a greater synergism than others. Fungicide strategies that included either a T2 or T3 application resulted in the highest and more consistent yield responses, especially when accompanied with the application of high rates of N. In the absence of fungicides, the highest disease pressure was weakly associated with N rate, with the highest N rate producing slightly more disease in the upper canopy during grain fill. Diseases were best controlled with the application of fungicides at T2 timing, followed by another application at the T3 timing. The T2 timing was important for protecting yield when diseases were present in the upper canopy at flag leaf timing. There is evidence for some differential cultivar responses to fungicide and N rates on grain yield, but varietal interactions were not consistent at every field site. The cultivars with the biggest response to N and fungicide tended to be ones more susceptible to leaf diseases, which were revealed at field sites with environments favorable for disease development. Although this study investigated cultivar effects, it was not designed to characterize cultivars for N and fungicide interactions. Data across cultivars from this study and in other environments with more intensive management (Europe) shows further research is needed to investigate differential varietal responses of N and fungicide interactions. In contrast to N, where high rates of N tended to promote disease in the canopy, others have reported deficiencies of other nutrients to increase disease, such as P, K, and S (Walters and Bingham, 2007) .
-------------------------g 1000 seeds -1 ------------------------
Further research should focus more on canopy management, such as the effect of N rate on wheat planted at different seeding rates, the effect of N timing and split application on lodging potential, disease potential, grain yield, and N use efficiency. Further investigation of varietal differences on fungicide responses in the absence of diseases may be useful for development of decision-support tools for N rates and fungicide application. This study quantifies the yield response of modern high yielding soft red winter wheat cultivars among combinations of eight fungicide strategies, varying levels of N fertilization, and across farm field environments that may be more favorable for disease development. Growers should subject various management strategies to an economic analysis before those strategies may be deployed in the field.
